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Power supply compensation 

Field of the invention 

The present invention relates to power supply compensation. 

5 Background of the invention 

The invention addresses different problems related to the use of switching amplifiers. 
Switching amplifiers have been known for several years and have over the last years 
gradually been introduced into different technical fields, such as motor control, 
audio-applications, etc. 

10 

An advantage of switching amplifiers is among many that a power output may be 
obtained more or less directly on the basis of the available power supply, thereby 
reducing the requirement of high-power transformers, etc. 

15 One problem of such amplifiers is, however, that a relatively unstable power supply 
may have a significant influence on the resulting amplified signal. 

One of the objects of the invention is to reduce problems resulting firom errors on the 
switching stage of an amplifier. 

20 

Summary of the invention 

The present invention relates to an amplifier comprising amplification means AM 
comprising an input and an ou^ut, 

said amplification means AM comprising a switching output stage delivering at least 
25 one output signal OUS via said output, 

said amplification means being fed by power supply means PSM 
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said amplifier further comprising compensation means CM providing a 
compensation signal CS derived from the power supply voltage PSV of the power 
supply means PSM, said compensation signal CS comprising a substantially inverse 
representation of said power supply voltage PSV and 

5 

said compensation signal CS being fed to said amplification means AM. 

According to the invention, an effective error compensation of the output switching 
stage may in practice be implemented by establishment of a compensation, which on 
10 a run-time basis, is based on the voltage of the power supply currently applied in the 
output switching stage. 

Another way of describing the invention is basically, that an error signal, the 
compensation signal, is fed to the amplification means by incorporating the 
IS compensation signal into the input signal which is to be amplified, in order to 
counteract expected errors in the amplifier stage. 

The inverse representation of the power supply voltage PSV refer in the present 
appKcation to a compensation signal which when added or multiplied to the input 
20 signal of an amplifier results in an ampUfied signal as if variations in the power 
supply voltage was at least partially counteracted. In other words, variations in the 
power supply voltage are at least partially counteracted by modification of the input 
signal. 

25 Thus the signal to be amplified is compensated by modification of the signal itself, 
instead of controlling the amplifier and/or power supply, i.e. the signal adapts to the 
current state of tiie power supply and amplifier. Thereby applications incorporating 
the present invention may offer high quaUty amplification without depending on 
sophisticated, inflexible and expensive power supplies. 

30 

According to embodiments of the present invention, the compensation signal may be 
fed to the amplification means at different stages, and in different ways. Possibilities 
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e.g. comprise multiplying the compensation signal to ttie input utility signal prior to 
any processing, subsequent to an upsampling process, subsequent to a quantizing 
and/or noise-shaping process, etc. Further possibilities e.g. comprise converting the 
compensation signal to an analog signal in order to modify an analog input signal, 
5 resample and/or modulate the compensation signal in order to adapt it to a particular 
encoding or modulation scheme, etc. Further possibilities e.g. comprise adapting the 
amplification means in order to facilitate feeding the compensation signal directly 
into the amplification means, and further adapting the amplification means with 
means for applying the compensation signal to the input signal. 

10 

Tn a preferred embodiment of the present invention said substantially inverse 
representation of the power supply voltage PSV is scaled by a ratio substantially 
corresponding to a desired amplification between the output and the input of the 
amplification means AM. 

15 

According to a preferred embodiment of the invention, the applied compensation 
signal should preferably correspond to an input signal, which when fed through the 
amplifier fiilly compensates for the undesired error on the output stage. When the 
compensation signal basically represents a desired voltage DV multiplied by the 
20 reciprocal of the power supply voltage PSV, an absolute gain regulation of the PWM 
signal has been obtained. It is thus possible to utiUze the present invention for power 
regulation purposes as well as power supply compensation, as long as the input 
signal dynamics provides the additional overhead necessary in order to multiply the 
input signal with a compensation signal preferably greater than 1.0. 

25 

In a preferred embodiment of the present invention said compensation signal is 
established for maintaining a substantially fixed utility area of a period of the 
amplified pulse width modulated signal regardless of changes in the power supply 
voltage PSV. 

30 

According to the invention, a preferred compensation may be obtained by ensuring 
that flie areas of PWM pulses of the output of the amplification switching stage that 
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represents equal input values, are maintained equal, regardless of changes in the 
power supply voltage, by ensuring that an error such as a reduced amplitude on the 
output signal, i.e. the amplitude domain e.g. caused by an erroneous power supply 
voltage, is compensated for by an increased duty cycle (i.e. in the time domain). In 
5 other words, a reduced power may be compensated for, i.e. increased, by variation of 
the duty cycles of the applied signal. 

In a preferred embodiment of the present invention said compensation means further 
con:q}rises extrapolation means EM adapted for modifying said compensation signal 
0 CS according to a predefined extrapolation algorithm. 

Predefined extrapolation means may according to the invention be established in 
many ways. However, according to a preferred embodiment of the invention such 
extrapolation, if necessary, should preferably ensure that an effective compensation 
5 is obtained at any time. Therefore, the inherent delay in the establishment of a 
compensation signal may be somewhat counteracted by applymg a prediction, an 
extrapolation, of the expected variations in the power supply. This may be done due 
to the fact that the typical variations in the power supply very often are periodical or 
periodically to a certain degree and relatively slow varying. 

) 

In a preferred embodiment of the present invention said compensation signal CS is 
established on the basis of an inverting generator CM fed by a power supply 
comprising a circuit adapted for establishing an inverse signal of the voltage of said 
power supply. 

According to a preferred embodiment of the invention, an inverting generator is 
applied for direct and fast establishment of a compensation signal. This may be 
compared to a running measuring of the level of the output stage and a subsequent 
running calculation based on time-consuming division. 
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In a preferred embodiment of the present invention said inverting generator 
comprises at least one feedback loop having a power supply voltage dependent 
feedback. 

5 In a preferred embodiment of the present invention said inverting generator 
comprises 

at least one forward path LF, MM, QM having an input and an output, 
at least one reference oscillator SG 

at least one feedback path derived firom said forward path and fed back to said input 
10 of said forward path by means of a summing point SP subtracting ttie feed-back 
signal fix)m an input received from said reference oscillator SG 
wherein said feedback path comprises a power supply voltage dependent feedback 

In a preferred embodiment of the present invention said inverting generator outputs a 
15 digital signal on the output PWCS of said forward path derived from at least one 
analog signal received in said input PSVIL 

In a preferred embodiment of the present invention said forward path comprises a 
limiter MM adapted for providing a pulse width modulated output signal of said 
20 forward path. 

In a preferred embodiment of the present invention said forward path fiirther 
comprises a time quantizer QM converting said pulse width modulated signal, 
preferably two level, into a time discrete signal fed to the output PWCS of said 
25 forward path. 

In a preferred embodiment of the present invention said compensation signal is fed to 
said amplification means via at least one multiplication point MP in which the 
con^)ensation signal is multiplied with a preferably digital input signal lUS. 

30 
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In a preferred embodiment of tiie present invention said compensation means further 
comprises decimation means DM adapted for transforming said compensation signal 
CS into compatibility with said input signal lUS. 

5 According to a preferred embodiment of the present invention, die output of the 
compensation means is preferably a PWM signal PWCS having a sample rate of e.g. 
200 MHz. In order to be able to multiply this compensation signal with the input 
utility signal, which preferably is a high-resolution PCM signal with a sample rate of 
e.g. 48 kHz, it is necessary to transform the compensation signal. This may be 
10 performed by means of a decimation means DM, which may be any kind of suitable 
decimation means, rate converters, down-samplers, etc. Preferably the decimation 
means performs anti-aliasing. 

In a preferred embodiment of the present invention the signal processing performed 
15 by said amplification means multiplicatively depend on the power supply voltage. 

According to a preferred embodiment of the invention, the amplification means 
processes, e.g. amplifies, the input signal in a way multiplicatively dependent on the 
power supply voltage. Thus the power supply is substantially multiplied to the input 
20 signal rather than having its changes added to the input signal. Multiplicatively 
power supply voltage dependent amplification means may e.g. comprise PWM 
amplifiers, class D amplifiers, filters comprising limiters, etc. 

The present invention further relates to a method for compensating errors of a power 
signal PS comprising a power supply voltage PSV, comprising the steps of 

performing midtiplicatively power supply voltage dependent signal processing on an 
input utility signal lUS by means of amplification means AM, 

establishing a comprasation signal CS comprising a representation of the ratio 
between a desired voltage DV and said power supply voltage PSV, and 
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applying said compensation signal CS to said input utility signal lUS by means of 
multiplication. 

In a preferred embodiment of the present invention said establishment of a 
compensation signal CS comprises the steps of 
establishing a forward path fed by a reference signal RS, 

establishing a negative feedback path from the output PWCS of said forward path, 
and 

scaling the signal of said feedback path proportionally with a representation PSVR of 
said power si5)ply voltage PSV. 

According to a preferred embodiment of the present invention, establishing a loop 
having a forward path and a feedback path, feeding said loop with a reference signal, 
preferably a square wave signal comprising a mean compensation value, e.g. 0.5, and 
15 scaling the feedback signal in proportion with the power supply voltage PSV or a 
representative thereof PSVR, establishes a compensation signal PWCS being 
substantially the inverse of the power supply voltage PSV, preferably multiplied by a 
fector determined by the reference signal RS. 

The present invention further relates to a method for providing a reciprocated signal, 
comprising the steps of 
providing an electrical signal PSVR, 
providing at least one feedback loop comprising 

at least one forward path comprising at least one non-linearity MM and 
at least one feedback path comprising at least one variable amplifier BM, 
feeding to at least one of said at least one variable amplifier said electrical signal 
PSVR. 

According to a preferred embodiment of the invention, an advantageous way of 
30 establishing the reciprocal of a vahie or signal is obtained. The present embodiment 
may thus substitute much more complex, demanding and inflexible divider means. 
The input signal PSVR may be any kind of signal that may be converted to an 
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amplitude signal. The reciprocated signal is established as a pulse width modulated 
signal, but may easily be demodulated or otherwise converted afterwards. 

In a preferred embodiment of the present invention at least one of said at least one 
5 forward patii is fed with at least one reference signal RS. 

According to a preferred embodiment of the invention, a reference signal may be 
used as input to the forward patti in order to establish a fector that is multiplied to the 
reciprocal of the input signal. Furthermore, such a reference signal may be used to 
10 control the pulse width modulation. A preferred reference signal is in this connection 
e.g. a square wave signal with a duty cycle of 50%. 

In a preferred embodiment of the present invention at least one of said at least one 
feedback loop comprises at least one quantization means QM. 

15 

In a preferred embodiment of the present invention at least one of said at least one 
feedback loop comprises at least one digital-to-analog conversion means DAC. 

In a preferred embodiment of the present invention quantization noise introduced at 
20 least one of said at least one quantization means QM is shaped by at least one loop 
filter LF. 

According to a preferred embodiment of the invention, noise, in particular 
quantization noise introduced by the quantization means, may be rejected and/or 
25 shaped, e.g. pushed to high fi:equencies, by means of one or more suitable loop 
filters. 

In a preferred embodiment of the present invention said reference signal RS is an 
oscillating voltage signal. 
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A preferred oscillating voltage signal may be a square wave signal with a duty cycle 
of 50%, but any kind of preferably periodically oscillating signals may be used as 
reference signals. 

5 In a preferred embodiment of the present invention said non-linearity MM is a 
limiter. 

Preferably the non-linearity comprised by the forward path is a luniter. It is noted 
that the applicable limiter transfer functions may vary significantly within the scope 
10 of the invention, from hard-clipping limiters having only two output values, to the 
more soft-clipping limiters having several or even infinite ou^ut values. The soft- 
clipping limiters may advantageously be combined wifli multi-bit PWM quantizers 
as tiie transition between one clip and the opposite may be more detailed described. 

15 According to tiie invention, a non-linearity is required for obtaining the desired 
combination of oscillation and modulation. Note that soft-clipping non-linearities are 
also regarded as limitCTS, even though their maximum or minimum output are 
basically only reached at infinite. Evidently, several other limiter characteristics may 
be applied within the scope of the invention 

20 

In a preferred embodiment of the present invention said non-linearity MM is a 
comparator. 

The present invention fiulher relates to an electrical signal reciprocator C!M 
25 establishing at least one reciprocated electrical signal PWCS, said electrical signal 
reciprocator comprising at least one feedback loop, said at least one feedback loop 
comprising 

at least one forward patii being fed by a reference signal RS and comprising at least 
one non-linearity MM, and 
30 at least one feedback path comprising at least one variable amplifier BM, 

wherein at least one of said at least one variable amplifier is controlled on the basis 
of an electrical signal PSVR. 
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According to an embodiment of the invention an advantageous way of obtaining a 
reciprocate of an electrical signal is obtained. An example of such electrical signal 
nxay e.g. comprise a voltage, e.g. of a voltage power source, or any other suitably 
5 electrically represented signal. 

According to a preferred embodiment of the invention, two separate signals may be 
fed to a feedback loop comprising at least one non-linearity in the forward path 
combined with a variable amplifier arranged in the feedback loop. One of the signals, 
10 e.g. the signal intended to be the divisor-representation of the intended operation may 
feed, and thereby control at least one variable amplifier in the feed-back loop, while 
the dividend may be established by a preferably stable signal source, preferably a 
square wave or other periodic signal generator. 

15 In other words, an embodiment of the present invention may be used for establishing 
the result of {k I x\ where the electrical signal controlling the variable amplifier 
corresponds to x, and the reference signal corresponds to k Thus a variable divider is 
established. 

20 In a preferred embodiment of the present invention at least one of said at least one 
feedback loop comprises at least one quantization means QM. 

In a preferred embodiment of the present invention at least one of said at least one 
feedback loop comprises at least one digital-to-analog conversion means DAC. 

25 

In a preferred embodiment of the present invention at least one of said at least one 
feedback loop comprises at least one loop filter LF. 

According to a preferred embodiment of the invention, noise, in particular 
30 quantization noise introduced by the quantization means, may be rejected and/or 
shaped, e.g. pushed to high frequencies, by means of one or more suitable loop 
filters. 
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In a preferred embodiment of the present invention at least one of said at least one 
forward path further comprises at least one analog-to-digital converter QM, 
preferably comprising at least one latch, and at least one of said at least one feedback 
5 path comprises at least one digital-to-analog converter DAC. 

The analog-to-digital converter (A/D converter) is adapted for converting at least one 
output of said non-linearity into a digital signal. The at least one digital-to-analog 
converter (D/A converter) is adapted for converting the ou^ut of said A/D converter 
10 into at least one analog signal. 
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The drawings 

The invention will in the following be described with reference to the drawings 
where 

5 fig. 1 comprises a conceptual diagram of an embodiment of the present invention, 
fig. 2 A and 2B show examples of possible amplification means, 
fig. 3 A to 3C show examples of how the power supply error shapes the output signal 
with and without compensation, 

fig. 4 serves to describe one of the techniques utilized by the present invention, 
10 fig. S illustrates an embodiment of a compensation means according to the invention, 
fig. 6 shows tile fi-equency response of a possible loop filter, 
fig. 7 shows examples of established compensation signals, and 
fig. 8 shows an example of a real power supply level scaling circuit. 
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DetaUed description 

Figure 1 comprises a conceptual diagram of an embodiment of the present invention. 
It comprises an input utility signal lUS which via a compensated input signal CIS is 
transformed into an output utility signal OUS by an amphfication means AM. The 
5 amplification means AM is connected to a power supply means PSM via a power 
signal PS. 

The amplification means AM does not denote any particular amplifier, filter or 
processing function, but merely represents any point in a signal path where the input 
10 signal CIS undergoes processing with a multiplicative relationship with the power 
si5)ply voltage. When more of such points exist, the amplification means AM 
represents their overall effect on the input utility signal. 

Figure 2 A and 2B show examples of embodiments of such amplification means AM 
15 having a multiplicative relationship to the power supply voltage. Both examples 
comprise so-called PWM-amplifiers, also in some references referred to as class D 
amplifiers. Figure 2A shows an embodiment of an amplification means AM 
comprising a quantization and noise shaping means QNM, a pulse generation means 
PGM, a switching means SWM and a fdtering means FM. The power supply voltage 
20 is coupled to the switching means SWM via the power signal PS. The quantizing and 
noise shaping means QNM and the pulse generation means PGM serves to modulate 
the input signal CIS, which is preferably a digital pulse code modulated signal, into a 
pulse width modulated signal. The switching means SWM scales the PWM signal 
according to the power supply voltage. The filtering means serves to post-process the 
25 signal before any subsequent stages, e.g. demodulating it by means of low-pass 
filtering. 

Figure 2B comprises a differential PWM amplifier. It comprises the same elements 
as the embodiment of figure 2A, except fliat two PWM signals are now established 
30 by the pulse generation means PGM, and those two PWM signals are scaled by two 
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switching means SWM, post-processed by two filtering means FM, and e.g. sent to 
each side of a load LD. 

It is noted that the present invention may be used with any kind of PWM-amplifier 
S embodiments, or any other kind of amplification or filtering means having a 
multiplicative relationship with a power supply voltage. For all such amplification 
means AM it applies that changes in the power supply voltage causes changes in the 
amplitude of the output signal OUS. As the utility data of a PWM signal is 
comprised by the combination of the preferably constant amplitude and the widths of 
10 the pulses, noise is injected to the signal when the amplitude is changed 
unintentionally. 

The power supply means FSM may be any means that may be used for power 
supplying an amplification means AM according to the present invention. Such 
15 power supply means comprise transformers, batteries, DC, AC or other power 
sources, and may further comprise rectification means, e.g. diode bridges, 
stabilization means, e.g. capacitors, regulation means, e.g. voltage or current 
regulators, etc. 

20 Conventionally the problem of changing or unstable power supply voltage is sought 
avoided by improving the power supplies, thus seeking to establish a power supply 
voltage that is as stable and constant as possible. This approach however, involves 
highly specialized or advanced power supplies, which are expensive, sensitive and 
inflexible, and which do not facilitate utilization of the fiill voltage range for 

25 amplification. As PWM amplifiers are often used in low cost ^plications utilizing 
their hig^ efBciency compared to Cheir cos^ the need for such advanced, and more 
inefficient, power supplies easily undermines the advantages of PWM amplification. 

Turning back to figure 1, an embodiment of a new approach that may not require 
30 improvements of the power supply or amplification means, is proposed. A 
compensation means CM is connected to the power signal PS, in order to monitor the 
power siqjply voltage PSV. The compensation means CM establishes on the basis of 
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the power signal PS a pulse width modulated compensation signal PWCS. This 
signal represents, by means of a PWM encoding, substantially the reciprocal of the 
currently applied power supply voltage PSV multiplied by a factor K. The fector K 
represents a desired power supply voltage DV. When e.g. the currently applied 
5 power supply voltage PSV is 80% of the desired voltage DV (which may thus be 
represented by 100%), the PWM compensation signal PWCS may represent the 
value: 

_^^100%^ 
PSV 80% * 

This is the value by which the input utility signal lUS currently should be multipUed 
10 in order to compensate for tiie shortcoming power supply. However, some 
modulation and encoding differences, in particular different sample rates, prevent the 
PWM compensation signal PWCS from being used directly for multiplication with 
the input signal 

15 Hence, the preferably high-frequency pulse width modulated compensation signal 
PWCS is decimated, and in this connection low-pass filtered, by means of a 
decimation means DM. The output of the decimation means is a pulse code 
modulated compensation signal PCCS. This signal may represent values in the same 
format, i.e. encoding and rate, as the input utility signal, thus facilitating 

20 multiplication of the two signals. However, a further problem exists for most 
embodiments and applications, in that the time used for the filtering and decimation, 
and other processes e.g. performed on the input signal subsequent to the 
multiplication, e.g. PWM mbdulation, causes the value represented by the PCM 
compensation signal PCCS to be outdated relative to the current input utility signal 

25 JUS, 

In order to overcome this, an extrapolation means EM may be inserted. On the basis 
of the PCM compensation signal PCCS and extrapolation, prediction or another 
useful method, it should establish an extrapolated compensation signal CS that 
30 probably more accurately corresponds to the irq>ut value currently represented by the 
input utility signal lUS. 
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Eventually the compensation signal CS is applied to the input utility signal lUS by 
means of a multiplication point MP, thus modifying the input utility signal lUS into a 
compensated input signal CIS. Thus the compensation signal CS is fed to the 
S amplification means AM via the compensated input signal CIS. 

Figure 3 A to 3C exemplifi^ the compensation principle of the present invention by 
showing how the different signals in flie system develop under different 
circumstances. All signal diagrams have time in seconds along Hxe x-axis and 
10 amplitude on the y-axis. It is noted that the shown signals, their development over 
tune, their frequencies, amplitudes, etc. are only examples, and that the present 
invention is not restricted to any of the shown signals. 

Figure 3 A shows an ideal situation, where the power supply voltage is stable, and no 
15 compensation is needed. The first signal shown in figure 3 A is the power supply 
voltage PSV. It is as mentioned above stable at 100%. The second signal is the 
compensation signal CS. It is either absent or it has the value 1.0, which means that 
the input utility signal is not modified at the multiplication point MP. The third signal 
is the input utility signal lUS, which for this example carries a constant sinus tone. 
20 The fourth signal is the compensated input signal CIS. As mentioned above, this is 
exactly tfie same signal as the input utility signal lUS, as the compensation signal 
constantly has the value 1.0. The last signal is the output utility signal OUS which is 
the input utility signal lUS amplified by the value of the power supply voltage. 

25 Figure 3B shows a situation where no compensation is performed The power supply 
voltage PSV comprises ripple and thus alternates between approximately 50% and 
100%. As the compensation means is absent, the compensation signal has a value of 
1.0, which causes no change to the input signal. The input utility signal lUS is the 
same sinus tone as in figure 3A, and because of the absent compensation, the 

30 compensated input signal CIS equals the input utility signal lUS. The power supply 
ripple thus causes the ou^ut utility signal OUS to be noisy, as it is scaled according 
to the noisy power supply voltage PSV. 
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Figure 3C shows an example of a situation where a compensation signal CS is 
established by means of an embodiment of the compensation means of the present 
invention. The power supply voltage PSV is the same as in figure 3B, i.e. it 
5 comprises ripple. The compensation means of the present invention establishes, on 
the basis of the alternating power supply voltage, a compensation signal CS being the 
reciprocal of the power supply voltage, and multiplied by a factor to normalize it. 
Thus, the compensation signal altemates between values 1.0 and approximately 1.8. 
The ii^ut utility signal lUS is the same constant sinus tone as in figures 3 A and 3B 
10 but now the compensated input signal CIS has changed, as it represents the result of 
multiplying the input utility signal lUS with the compensation signal CS. When this 
compensated input signal CIS is scaled within the power supply dependent 
amplification means AM, the output signal OUS is established as a scaled, error-free 
version of the input utility signal JUS. 

15 

The compensation signal CS may be regarded the inverse of the power supply 
voltage or an inverted representation of the power supply voltage, in the sense that it 
substantially represents the reciprocal of the power supply voltage, or a scaled 
representation thereof, and not merely in the sense of mirroring the signal in the zero 
20 axis. 

It is noted that the compensated input signal CIS should be able to hold sample 
values corresponding to the highest possible input utility signal value multiplied by 
tiie highest possible compensation signal value. Hence, if the resolutions of the input 
25 utility signal and the compensated input signal are the same, input data that utilizes 
the full resolution may be distorted due to clipping. 

Figure 4 is provided for describing one of the techniques behind the compensation 
means CM of the present invention. It comprises an input signal IS, a forward path 
30 with a forward gain FG, an output signal OS, and a feedback path from said output 
signal OS through a feedback gain BG to a sunmiing point, where the feedback path 
signal is subtracted from the input signal. 
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The output signal content Vqs thus recursively depends on the input signal Vjs in the 
following way: 

which may be rearranged into: 

^Vos{l + FG' BG)=FG ■ Vjs 

l+FG-BG " 

If the product of FGBG is much greater than 1, the expression may further be 
reduced into: 



10 =>V„s = 



From the above expressions are seen that, within certain restrictions, a feedback loop 
may be used as a divider, where the input signal is divided by the feedback gain BG. 
This effect is advantageously used by the present invention in order to establish a 
15 representation of the reciprocal of a power supply voltage PSV, preferably multiplied 
by a factor K. 



Figure 5 illustrates a preferred embodiment of a compensation means CM according 
to an embodiment of the present invention. It comprises a loop, the forward path of 

20 which comprises a loop filter LF, a modulation means MM and a quantization means 
QM, and the feedback path of which conq}rises a digital-to-analog converter DAC 
and a bufiGaring means BM. The feedback path is subtracted fi-om the input to the 
forward path by means of a summing point SP. The loop is fed with a reference 
signal RS, preferably originating firom a square wave generator SG. The output of the 

25 circuit conresponds to the above-mentioned PWM compensation signal PWCS, i.e. a 
pulse width modulated representation of the compensation value. 

The quantization means QM is mainly provided in order for the PWM compensation 
signal PWCS to be in the digital domain, and the digital-to-analog converter DAC is 
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thus required in order to establish an analog feedback signal. It is noted that 
principally the output PWCS may as well be analog, thus allowing the quantization 
means and converter to be omitted, but in most real applications the subsequent 
decimation, filtering and extrapolation processing is at least inexpedient to perform 
S on an analog signal. An analog output of the power supply compensation circuit may 
be used when the input utility signal lUS is an analog signal e.g. for use as input to 
an analog PWM modulator. An advantageous alternative to establishing an analog 
PWM compensation signal PWCS would be to include a digital-to-analog converter 
subsequent to the extrapolation means EM, in order to convert the compensation 
10 signal CS into the analog domain. 

The modulation means MM of figure 5 modulates the output of the loop filter LF 
into a PWM signal. The modulation means receives on one input a modulation input 
signal MIS, and on another input a modulation refiM^nce signal MRS. Preferably the 

15 modulation means comprises a comparator having the modulation reference signal 
input tied to a DC value, preferably 0 V. When the modulation input signal MIS 
comprises a high-frequency signal component, e.g. the reference signal RS, the 
comparator actually compares the input signal MIS with that high-frequency 
component This causes the comparator to establish a PWM signal without need for a 

20 sawtooth reference signal as conventional PWM modulators. It is, however, noted 
that any kind of PWM modulator may be used for modulation means MM, including 
conventional modulators that require sawtooth or triangular reference inputs, or any 
other kind of means suitable for establishing a PWM signal. Also PWM modulators 
estabUshing any kind of PWM variants, e.g. NPWM, LPWM, etc., may be used for 

25 modulation means MM. When the preferred modulation means is used, i.e. a 
comparator with 0 V DC on the modulation reference signal MRS, the PWM switch 
frequency J^cft, i.e. the frequency of PWM periods, becomes the frequency of the 
high-frequency component, i.e. the frequency of the reference signal RS. 

30 The refi^nce signal RS serves the purpose of representing a reference level, e.g. 
corresponding to the desired power supply voltage DV, but preferably scaled to 
match the voltage levels of the compensation circuit It furthermore preferably serves 
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to provide a high-firequency component to the modulation means MM, thus 
controlling the PWM modulation. To serve these purposes, the reference signal RS is 
preferably established by means of a square wave generator SG generating a square 
wave with a duty cycle of 50%. Such a signal may in itself be considered a constant 
5 PWM signal. However, the reference signal RS may be any kind of signal, and may 
thus be adapted to match different power siq)plies, output signal requirements, PWM 
modulation techniques, loop filters, signal coding schemes, etc. As the frequency of 
the reference signal RS preferably controls the switch fi-equency fswitdi, as described 
above, its frequency should at least partly be determined on the basis of knowledge 

10 of the frequency of the input utility signal lUS that the compensation circuit interacts 
with. In order to establish a suitable power supply compensation, the PWM switch 
frequency is preferably chosen to be in the order of 10 - 100 times, e.g. 32 times, the 
input utility signal RJS sample rate. When this for example is an audio signal with a 
sample rate of e.g. 48 kHz, the reference signal frequency, and thereby the switch 

15 frequency preferably is in tiie order of 500 kHz - 5 MHz, e.g. 1.536 MHz. The 
reference signal may preferably have a peak-to-peak voltage corresponding to the 
voltage used for the digital circuits, e.g. 3.3 V DC. In such case the above-mentioned 
factor K is preferably 3.3. 

20 The quantization means QM is illustrated in figure 5 as a latch having an input D and 
an output Q. It is noted that any kind of sample means or analog-to-digital converter 
may be used instead, e.g. cascade-coupled latches, comparators, etc. The 
quantization means QM preferably takes a clock signal in addition to the input D, in 
order to control the sample rate, which prefearably is in the order of 50 - 200 times, 

25 e,g. 128 times, the PWM switch frequency ^.^cft. The quantization means QM thus 
samples at a frequency of e.g. 196.6 MHz. The ratio between the switch frequency 
and the quantizing rate detennines the resolution of the output PWM signal, as it 
preferably is a two-level signal. A ratio of e.g. 128 then allows the PWM edges of the 
PWM compensation signal PWCS to be established with a precision of 1/128 PWM 

30 period. 
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The loop filter LF as illustrated in the forward path in figure 5 represents the joint 
linear, time invariant filtering made anywhere in the loop. Thus, if a certain desired 
loop filter characteristic is practically most advantageously obtained by actually 
performing the filtering in the feedback path or subsequent to the modulation means 
5 MM, this is within the scope of the invention as well. The loop filter LF thus 
represents the equivalence model of all linear, time invariant filtering performed, in 
order to lighten the description and make the circuit easier to simulate. 



The loop filter LF is preferably stable, but may as well facilitate self-oscillating 
10 PWM modulation by becoming unstable at certain fi-equencies. Examples of such 
self-oscillating modulators are WO 00/42702, WO 02/25357, WO 02/093973, US 
6,118,336, WO 98/19391, WO 00/27028, US 6,249,182 and the patent application 
PCT/DK03/00447 hereby included by reference with respect to different basic 
principles regarding the establishment and controlling of the desired oscillation in 
15 combination with the desired modulation. It is noted that even though the modulation 
is self-oscillating, the switch firequency will be more or less locked due to the 
reference signal RS. 

A preferred loop filter comprises simple zeroes at 10 kHz, 47 kHz and 1.8 MHz, 
20 simple poles at 1 kHz and 180 kHz, and a complex pole at 17 kHz with a Q of 2. The 
fi-equency response of such a loop filter HLF(s) is shown in figure 6. As seen, the 
phase margin never gets below 30 degrees, thus ensuring stability. It is noted that the 
present invention is not restricted to the mentioned preferred loop filter 
characteristic, and any kind of loop filter is within the scope of the present invention. 

25 

Because of the non-linear PWM modulation, the loop filter LF does not describe the 
total filtering applied. Figure 6 thus fiirther comprises a firequency response G(s) that 
better describes the actual response of the loop. When it comes to small signals, the 
modulation means MM may be described as a gain element This is seen firom figure 
30 6, where G(s) is equal to HLF(s) except fix)m a gain difference of approximately 40 
dB in this example. As seen, G(s) intersects with the 0 dB level at the switch 
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frequency ^^,(fc/i i.e. at approximately 1.5 MHz, which is a general property of PWM 
modulation loops, as seen from the references cited above. 

A major objective of the loop filter is to reject quantization noise established by the 
5 relatively low-resolution quantization means QM. As the loop filter equivalence 
model is positioned first in the feedback path, noise injected subsequently to the 
feedback path, e.g. by the comparator and especially by the quantization means QM, 
is rejected by the loop filter characteristic proposed. 

10 Seen fix)m the noise injection point, i.e. the quantizing means QM, the actual loop 
characteristic G(s) causes a frequency response of: 
1 

G(j) + 1 

This response is also shown m figure 6, where it is seen that it rejects noise within a 
particular frequency band and let high-frequency noise through. This noise shaping is 
15 utilized at subsequent stages, i.e. within the decimation means DM, as the anti- 
aliasing performed there is able to cut away the high-frequency noise, but has to let 
low-fi:^quency content through. Thereby an advantageous method of rejecting noise, 
in particular quantization errors, is obtained. 

20 The buffering means BM scales the feedback signal according to a power supply 
voltage representation PSVR. It may be any kind of amplifier, filter, multiplication 
and/or divider means, etc. that is able to suit the purpose of modifying the feedback 
signal into a signal that represents the current power supply voltage PSV. It takes as 
input a power supply voltage representation PSVR, which preferably is a downscaled 

25 representation of the power supply voltage PSV provided by the power supply means 
PSM. Altematively the buffering means BM may take any kind of signal that in 
some way represents the power signal, e.g. a pre-scaled signal, a modulated or 
converted signal, etc. The scaling of die power supply voltage should ensure that the 
ratio between the desired voltage DV and the power supply voltage PSV is mirrored 

30 by the ratio between the reference signal RS voltage and the power siq)ply voltage 
representation PSVR. 
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As described with reference to figure 4, multiplications performed on the feedback 
signal are experienced from the output of the loop as divisions of the input signal. 
Thus, scaling the feedback signal according to the power supply voltage PSV or a 
5 representative thereof, caxises the output signal PWCS to be divided by the power 
supply voltage PSV, or the representative thereof. Thus an advantageous method of 
obtaining the reciprocal of an erroneous signal, in order to be able to compensate for 
it, is obtained. 

10 The above-illustrated power voltage mverting circuit may basically be designed 
according to the principles of the patent-apphcation PCT/DK03/00613 "Self- 
oscillating A/D-converter", hereby included by reference in the sense that a voltage 
power depending amplification is added in the feedback loop of the converter and 
that the A/D-converter is fed by a reference signal, preferably a square wave level 

15 generator, to which the feedback signal may be compared by subtraction. The 
resulting output of the inverting circuit will then be a digital inverse representation of 
the analog variation of the power supply. 

Thus, according to an embodiment of the invention, the critical analog power supply 
20 voltage level may be compared to a stable reference, typically low voltage and 
therefore relatively well defined, and an inverse digital representation of the variation 
of the power supply may be directly output in a digital form suitable for pre- 
compensation prior to a non-linear modulation of the signal. 

25 Figure 7 illustrates how the PWM compensation signal PWCS, i.e. the output of the 
loop, may be established. The first timing diagram of figure 7 shows an example of a 
reference signal RS. It is a square wave signal with a duty cycle of 50% and a 
voltage of 3.3 V e.g. according to the power source supplying the digital circuits of 
the system. Vertical, dashed lines indicate its periods and half-periods in order to 

30 compare with the lower diagrams. 
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The second diagram shows an example of a possible power supply voltage 
representation PSVR, established by dividing the power supply voltage PSV with the 
factor by which the desired voltage DV is greater than the reference signal RS mean 
voltage i.e. 1.65 V. The next diagram shows the compensation factor CF that is the 
5 result of dividing the reference signal RS mean voltage of 1.65 V with the power 
supply voltage representation PSVR, and which may be established by the 
compensation means circuit shown in figure 5. hi a preferred system the frequency of 
the reference signal RS indicated by the vertical dashed lines would be much faster 
compared to the changes of the power supply voltage PSV, but due to clarity a lower 
10 frequency is chosen, so in figure 7 a significant change of the power supply voltage 
takes place for each reference signal period. 

The last diagram of figure 7 shows an example of the resulting PWM compensation 
signal PWCS. It comprises a pulse width modulation of the compensation factor CF. 

15 It is modulated so that a duty cycle of 50% indicates a compensation factor of 1 .0, a 
duty cycle of 0% indicates a compensation factor of 0.0, and a duty cycle of 100% a 
compensation factor of 2.0. Thus, a compensation factor CF of e.g. 1.667, which is 
the first compensation factor value in the example, causes a PWM period with a duty 
cycle of 83.33% to be established, and a compensation factor CF of e.g. 1.3 causes a 

20 PWM period with a duty cycle of 65%. The duty cycle is calculated as the 
compensation factor CF multiplied by 50%. It is noted that the scope of the present 
invention is not in any way restricted to the example values of figure 7, and that any 
modulation scheme for the PWM compensation signal PWCS may be chosen. Any 
alternative modulation schemes, e.g. which are able to handle compensation factors 

25 greater than 2.0, or increases the resolution of a particular range, e.g. by only 
handling compensation factors in the range 1.2 to 1.5, are within the scope of the 
present invention, and may be preferred for a particular application. 

The digital-to-analog converter DAC of figure 5 may be any suitable kind of means 
30 for converting a digital PWM signal into an analog PWM signal. 
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Figure 8 shows an example of an embodiment of a means for establishing the power 
supply voltage representation PSVR on the basis of the power supply voltage PSV. 
Two resistors Rl and R2 establishes a conventional voltage divider, and a voltage 
follower VF ensures that the power supply means PSM is not loaded with any 
5 subsequent circaiits to which the power supply voltage representation PSVR is fed. 
The resistors of the voltage divider may be any kind of resistors. Their mutual 
dimensions determine the factor by which the power supply voltage PSV is divided. 
When a power supply voltage representation PSVR of e.g. 1/15 of the power supply 
voltage PSV is desired, the second resistor R2 shoxild have a resistance 14 times 
10 greater than the resistance of the first resistor Rl, i.e. PSVR = PSV • . Example 

dimensions may in the case of PSVR being 1/15 of PSV be e.g. Ikii for the first 
resistor Rl, and \4kQ for the second resistor R2. 

The voltage follower VF may be any kind of circuit that provides high, preferably 
15 infinite, input resistance, and still delivers the input voltage unchanged on the output. 
Thereby the divided power supply voltage may be conveyed to the power supply 
voltage representation PSVR without loading the power supply means PSM that 
provides the power supply voltage PSV. Preferably the voltage follower VF 
comprises an operational amplifier having the divided power supply voltage coupled 
20 to its positive input, and its output fed back unchanged to its negative input. The 
voltage follower should be power supplied by a voltage source greater than the 
divided power supply voltage, e.g. by a voltage corresponding to the power supply 
voltage PSV. It is noted that any other suitable buffering circuit may be used instead 
of the described, e.g. differential buffering, etc. 

25 

The factor by which the power siq)ply voltage PSV is divided preferably corresponds 
to the factor by which the voltage DV desired for the switching amplifier is greater 
than the means voltage of the reference signal RS. When e.g. the reference signal RS 
is a square wave with a mean voltage of 1.65 V, i.e. a peak voltage of 3.3 V, and a 
30 voltage of 25 V is desired for the switching amplifier, the power supply voltage 
representation PSVR should be 3.3/25 - 1/15 of the power supply voltage PSV. 
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It is noted that the present invention is not restricted to any particular scale 
correspondence between the different signals. Even when the ratio between the 
power supply voltage PSV and the power supply voltage representation PSVR is 
5 different than the ratio between the desired voltage DV and the reference signal RS, 
the present invention will still cause the power supply errors to be compensated, 
together with a scaling of the utility signal. Thus, by changing the ratio of 
PS V/PSVR or the reference signal RS, the desired voltage may be changed, and thus 
the virtual switch voltage. It is moreover noted that it is important that the power 
10 supply voltage representation PSVR except for a general scaling factor represents the 
power supply voltage PSV as accurately as possible, i.e. without any filtering, as 
otherwise incorrect compensation factors maybe established. 

The decimation means DM of figure 1 may be any kind of circuitry suitable for 
15 adapting the compensation factor comprised by the output signal PWCS of the 
compensation means CM into matching the input utility signal lUS. The adaptation 
may e.g. comprise demodulation, rate conversion or decimation, conversion of 
encoding, amplitude scaling, biasing, or any other signal adaptation processes. 

20 As the compensation means CM output PWCS preferably is a two-level PWM signal 
sampled at a rate of e.g. 196.6 MHz, and the input utility signal lUS preferably is an 
audio signal having a resolution of e.g. 24 bits and a sample rate of e.g. 48kHz, a 
preferred decimation means CM may comprise an anti-aliasing filter of the finite 
unpulse response type (a FIR filter), combined with logics for decimating the number 

25 of output samples. The FIR filter, which preferably is a low-pass filter, serves at least 
three purposes. It rejects quantization noise originating firom the quantization means 
QM within the compensation means CM, that have frequencies at which noise is not 
rejected by the compensation means loop filter. It also serves as anti-aliasing means, 
as anti-aliasing should always be performed before any sampling, and decimation 

30 may in tiiis connection be considered a sampling process. And fiirth^more, it 
inherently provides for demodulation of the pulse width modulated compensation 
signal PWCS, as low-pass filtering has this effect on PWM signals. The FIR filter 
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may preferably be established as three cascaded running average filters, preferably 
followed by two half-band FIR filters. Thus the decimation may be performed in 
three steps. The implementation of the first FIR filter comprising three cascaded 
running average filters causes decimation of the PWCS signal of e.g. 128 times firom 
5 e.g. 196.6 MHz to e.g. 1.536 MHz, the first half-band FIR filter causes decimation of 
e.g. 2 times down to e.g. 768 kHz, and the second half-band FIR filter causes 
decimation of e.g. 2 times down to e.g. 384 kHz. This fiirfhermore requires the input 
utility signal lUS to be upsampled e.g. 8 times firom e.g. 48 kHz to the 384 kHz rate. 
This, however, preferably forms part of the PWM modulation anyhow performed on 
1 0 the input utility signal lUS . 

The extrapolation means EM of figure 1 may be any kind of means for extrapolating 
the compensation factor, or predicting fiature compensation factors. As flie 
compensation factor established and processed by tiie compensation means CM and 
15 decimation means DM actually corresponds to the compensation required some time 
ago due to delays in e.g. the compensation and decimation means, an extrapolation or 
prediction of the compensation factor is preferably performed prior to multiplying 
the input signal with the compensation factor. 

20 What extrapolation or prediction method to provide by the extrapolation means EM 
in a particular implementation of the present invention depends on the delays of the 
compensation and decimation means of that particular implementation and on the 
nature of the changes of the power supply voltage, i.e. firequency, amount, etc. A 
preferred extrapolation means EM comprises modelling the compensation signal by a 

25 polynomial on the basis of a sequence of previous compensation factors, and 
extrapolating fiiture compensation factors from that model. The polynomial is 
preferably a second or third order polynomial, established on the basis of the 
previous 3 or 4 compensation factor samples. The delay to be compensated for by the 
extrapolation means may typically correspond to 2 to 10 samples of the input utility 

30 signal, e.g. 6 samples of a signal with a rate of 384 kHz. When the delay corresponds 
to e.g. 6 samples, and the extrapolation means e.g. models the compensation signal 
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by a second order polynomial y(n) on the basis of the compensation factors x(n-2X 
x(n-\) andx(n), it should output j;(«+6) as the next compensation signal sample. 

Simulations show that using second or third order polynomials for compensating 
S delays corresponding to e.g. 6, 8 and 10 samples of the input utility signal, when the 
frequency of the power supply voltage changes, e.g. ripple, is less than 10 kHz, 
increases the effect of providing compensation means CM for compensating for an 
unstable power supply. 



10 It is noted that in order to establish a beneficial extrapolation algorithm, certain 
knowledge about the behavior of the error-inducing signal, i.e. the variations in the 
power supply voltage, may be required. 



